Staphylococcus aureus can grow virtually anywhere in the human body but needs to import proline through low-and high-affinity proline transporters to survive. This study examined the regulation of the S. aureus putP gene, which encodes a high-affinity proline permease. putP::lacZ and putP::lux transcriptional fusions were constructed and integrated into the genomes of several S. aureus strains. Enzyme activity was measured after growth in media with various osmolyte concentrations. As osmolarity rose, putP expression increased, with a plateau at 2 M for NaCl in strain LL3-1. Proline concentrations as low as 17.4 M activated expression of the putP gene. The putP::lux fusion was also integrated into the genomes of S. aureus strains that were either SigB inactive (LL3-1, 8325-4, and SH1003) or SigB active (Newman and SH1000). SigB inactive strains showed increased putP gene expression as NaCl concentrations rose, whereas SigB active strains displayed a dramatic decrease in putP expression, suggesting that the alternative sigma factor B plays a negative role in putP regulation. Mice inoculated with S. aureus strains containing the putP::lux fusion exhibited up to a 715-fold increase in putP expression, although levels in the various murine organs differed. Moreover, urine from human patients infected with S. aureus showed elevated putP levels by use of a PCR procedure, whereas blood and some abscess material had no significant increase. Thus, putP is transcriptionally activated by a lowproline and high osmotic environment both in growth media and in murine or human clinical specimens.
The species Staphylococcus aureus is a significant cause of morbidity and mortality in humans and animals. With the rise of antibiotic-resistant strains (e.g., methicillin-and vancomycin-resistant strains), treatments for this common pathogen are increasingly problematic (5, 6, 7, 24, 29, 47) . This species is able to infect virtually every tissue in the human body (14) , but little is known about the metabolic changes within the bacteria found in vivo during this time. To survive in the human body, some strains of S. aureus need to import proline because of proline auxotrophy (17) . This species has at least two transport systems to import proline into the cell, a low-affinity system that may be linked to a proP homolog gene and a high-affinity system encoded by the putP gene (2, 37, 49, 51) .
In many bacteria, proline is needed as an osmoprotectant in growth environments with high osmotic stress (52) . Several proline transporters within the bacteria serve to bring proline into the bacterial cell. A review of gram-negative bacteria has demonstrated that at least three proline transporters are able to transport proline into the bacterial cell; these include the low-affinity ProP and ProU proteins as well as the high-affinity PutP protein (52) . Similar proteins have also been identified for gram-positive bacteria, such as Bacillus subtilis (48, 50) .
The putP gene, encoding the high-affinity proline transporter, has been identified for S. aureus, and some characterization of the role of PutP in proline transport (45, 46, 51) and survival during animal infections (3, 45, 46) has been performed. Because most S. aureus strains are proline auxotrophs, there may be a dual need for proline: as a source for carbon and nitrogen and as an osmoprotectant. Human (21, 22) and animal (13, 45) specimens typically contain low proline concentrations. Moreover, our prior examination of the putP gene has demonstrated that proline transport is a key part of S. aureus survival in tissues that are low in proline (3, 45, 46) , suggesting that proline transport itself is a vital cog in the survival and growth of S. aureus during human infection.
For gram-negative bacterial species, the regulation of the putP gene has been examined (18, 30, 32, 38) , but only limited analyses of putP regulation have been done for gram-positive bacterial species (36, 48, 50) . Presently, no study has looked at the transcriptional regulation of the putP gene in S. aureus.
In this study, we tested whether the concentration of either proline or specific osmolytes affected transcription of the S. aureus putP gene. The putP promoter region of the S. aureus strain RN6390 genome was ligated to promoterless lacZ and lux operons, and these fusions were eventually moved into the genome of S. aureus. Strains with the putP::lacZ or putP::lux fusion were tested in media with various concentrations of either proline or an osmolyte (e.g., NaCl, sorbitol, or sucrose). In addition, murine models of infection were utilized to examine putP expression in S. aureus infecting various organs. Moreover, human clinical samples containing S. aureus were processed to determine whether transcriptional activation of the putP gene occurred in the S. aureus cells found in those clinical samples. Table 1 . Escherichia coli strain DH5␣ was used for construction of the initial putP::lacZYA fusion, strain SOLR was used for plasmid transformation, and strain MC4100 was used for the E. coli ␤-galactosidase assays. Staphylococcus aureus strain RN4220 was used for growth medium characterization of the putP gene in S. aureus, and S. aureus strains RN6390 (35) and Newman (34) (the latter provided by Jean Lee, Channing Laboratory, Boston, MA) were used for characterization of putP gene expression in murine models of infection. Strains 8325-4 (provided by Jean Lee) as well as SH1000 and SH1003 (provided by Simon Foster, Sheffield University) (19) were used to assess the role of SigB in putP regulation. Plasmid pPWC-1 (Karen Miller, Penn State University, College Station, PA) (51) was utilized as the template for PCR amplification of the putP promoter region. The pUJ9 plasmid (11) served as the source for the promoterless lacZYA operon. Shuttle vector pMOD-1 (9, 46) served as the backbone vector for the putP::lacZYA fusion, which was then shuttled between E. coli and S. aureus. The promoterless lux operon was provided by the pXen5 plasmid (Xenogen Corp, Alameda, CA) (16) . This pXen5 plasmid has a temperature-sensitive origin of replication in S. aureus, an erythromycin resistance gene, and a Tn4100 transposon that has had a promoterless luxABCDE operon engineered into it as well as a kanamycin resistance gene.
MATERIALS AND METHODS

Bacterial strains and plasmids. A list of strains is shown in
PCR amplification of the S. aureus putP promoter region. Plasmid DNA from pPWC-1 isolated with a QIAGEN kit (QIAGEN Corp., Valencia, CA) was PCR amplified with the oligonucleotide primer pair SaputP1A (5Ј CACGCGAATTCC AGTCTCTTCAATTGCAT 3Ј) and SaputP2A (5Ј CGAGGATCCACGAAACCA GAATGTGTATAT 3Ј), which were synthesized by Integrated DNA Technologies (Coralville, IA). The amplification conditions were as follows: initial denaturation at 94°C for 4 min and then 35 cycles of 94°C for 30 s, 57°C for 45 s, and 72°C for 1 min. Amplifications were done with Taq polymerase (Promega Corp., Madison, WI), and the resulting 1,150-bp product was verified on a 0.8% agarose gel. The DNA was washed and concentrated using a Microcon 30 filter (Millipore, Bedford, MA) and resuspended in sterile deionized water for further processing.
Construction of putP::lacZ fusions for use in E. coli and S. aureus. Aliquots of the PCR-amplified S. aureus putP promoter region DNA and pUJ9 plasmid DNA were digested with the restriction endonucleases EcoRI and BamHI, ligated together, and then used to transform E. coli DH5␣ cells (41) . One of the resulting clones, pLL1-1, was verified to have the putP::lacZYA fusion and screened for ␤-galactosidase activity in E. coli by growth in Luria broth (LB) (data not shown).
An aliquot of pLL1-1 plasmid DNA was digested with NotI and then blunted with T4 DNA polymerase (New England Biolabs). This blunt-ended DNA fragment was ligated to SmaI-cut pMOD-1 plasmid DNA and transformed into strain MC4100 cells. Transformants were selected for with ampicillin and screening was done with X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) containing Luria agar, generating pUB1-1. Plasmid DNA from pUB1-1 was electroporated into competent S. aureus strain RN4220 cells (20) . After successful transfer into strain RN4220, the temperature was raised to 43°C, and transposition of Tn917 into the genome of the S. aureus strain RN4220 cells occurred. The resulting strain with the chromosomal insertion of the putP::lacZYA fusion was labeled LL-1.
Construction of a putP::luxABCDE fusion in S. aureus. Plasmid DNA from pXen5 was digested with BamHI and then oriented with the luxABCDE operon. Next, the plasmid DNA was cut with SstI, blunted with T4 DNA polymerase (41) , and then digested with EcoRI. This double-cut DNA was ligated to the SaputP1A/SaputP2A 1,150-bp PCR amplification product cut with EcoRI and used to transform E. coli strain SOLR cells. Erythromycin-resistant colonies were grown in LB containing erythromycin, and 1-ml aliquots of each were analyzed in a Femtomaster FB12 luminometer (Zylux Corp., Pforzheim, Germany). From this screen, one clone containing the pLL5-25 plasmid was used for further characterization. Purified plasmid DNA from pLL5-25 was electroporated into S. aureus strain RN4220. Once the plasmid was verified in strain RN4220, the temperature of the culture was increased to 43°C, which allowed Tn4100 transposition into the chromosome. One of the resulting clones was used in transductions as described below. A promoterless lux operon transposon mutant isolate of strain RN6390 was also generated to serve as a control.
Transduction of S. aureus. The staphylococcal bacteriophage 80␣ was provided by Ambrose Cheung, Dartmouth University. This phage was used to infect S. aureus strain RN4220 containing the putP::lux fusion in the genome, and the ensuing lysate was used to transduce S. aureus strains (25) , selecting for transductants on brain heart infusion (BHI) agar containing kanamycin.
␤-Galactosidase assays. Overnight cultures of strain LL-1 or strain RN6390 were grown in brain heart infusion broth and then passaged in defined staphylococcal growth media (40, 45) with either various NaCl concentrations (0 to 1,000 mM) or various proline levels (1.74 M to 1.74 mM). The cells were grown on a shaker at 37°C to mid-logarithmic phase. The procedure of Miller (33) was used. Aliquots were analyzed on a spectrophotometer, and ␤-galactosidase activity (Miller units) was calculated. At least three separate runs were done per condition tested.
Assessment of luciferase activity. S. aureus strains with the putP::lux operon were grown overnight in the media to be tested, and then an aliquot was used to inoculate fresh media the next day. The cultures were grown on a shaker at 37°C to mid-logarithmic phase. One-milliliter aliquots were taken out for spectrophotometric analysis at 600 nm and for analysis in a luminometer. The relative luminescence units (RLU) were divided by the optical density at 600 nm readings to get the final corrected RLU.
Murine infection models. Three murine models of infection were used to test the putP::lux fusion in strains LL3-1 and Newman putP. The first was a systemic model of infection (9) , where 100 l of the recombinant S. aureus strain LL3-1 grown to mid-logarithmic phase set at 5 ϫ 10 5 CFU/ml was intraperitoneally injected into five female 4-to 6-week-old Swiss Webster mice (Harlan) per time point. After 0, 4, 8, and 18 h postinoculation, the livers and spleens were collected, organs were homogenized in 1 ml of phosphate-buffered saline (41) , and the entire homogenate from each organ was placed into a 1.5-ml microfuge tube and read in a luminometer for the RLU. Aliquots (100 l) of the organ homogenates were plated onto BHI agar with kanamycin to get viable counts. The RLU per bacterial cell was calculated by taking the RLU number, subtracting the background, and then dividing by the viable count.
A murine urinary tract infection model was also used to assess regulation of the putP gene in S. aureus cells infecting murine urinary tract tissues (42) . Fifty microliters of mid-logarithmic-phase-grown bacteria set at 10 8 CFU/ml in phosphate-buffered saline was injected into the bladder, and results at time points of 0, 4, 8, and 18 h postinoculation were analyzed. Five mice per time point per strain of bacteria were used. The same process as described above was used.
The murine thigh abscess model of infection was also tested (4). Bacteria grown in BHI broth to mid-logarithmic phase were diluted to 10 6 CFU/ml and mixed 1:1 with Cytodex beads (Sigma). Five or six female Swiss Webster mice were injected intramuscularly in the thigh with 100 l of the inoculum. Mice were sacrificed and organs processed as described above.
Human abscess, blood, and urine samples. Abscess samples were collected from separate human patients. One was collected within 18 h of abscess formation from a patient with a furuncle on the back, whereas several other samples were collected more than 24 h after onset of abscess from patients with surgical- wound infections. A midstream clean-catch urine sample was also collected from a patient with an S. aureus urinary tract infection of the bladder. Last, a blood sample was taken from a patient with S. aureus bacteremia. All of the samples were confirmed to have S. aureus by being cultured on sheep blood agar plates and then being tested for ␤-hemolysis on sheep blood agar plates. Colonies that were beta-hemolytic were verified as S. aureus by Gram stain showing grampositive cocci in irregular clusters as well as being both catalase positive and tube coagulase positive. Each sample was kept at Ϫ80°C until processed. Extraction of total RNAs and conversion to cDNAs. Total RNAs were extracted from S. aureus strain RN6390 cells grown in BHI broth as well as defined staphylococcal growth medium containing 400 mM NaCl and formulated with 17.4 M proline, as well as from abscesses, urine, and blood from human patients infected with S. aureus. For all of these RNA extractions, a QIAGEN RNA extraction kit (QIAGEN) was used, with a 30-min lysostaphin treatment added as part of the first step. The cDNAs used for PCR amplification were each synthesized from 3 g of total RNA as previously described (43) by using the random hexamer primers from a reverse transcription (RT)-PCR ProStar kit and primers specific to putP and ftsZ (Stratagene, La Jolla, CA).
LD RT-PCR. Limiting-dilution RT-PCR (LD RT-PCR) amplification was performed as previously described (43, 44) with the following modifications. A Perkin-Elmer 9700 thermocycler was used under the following PCR conditions: initial denaturation at 95°C for 5 min; 40 cycles consisting of denaturation at 95°C for 1 min, annealing at 55°C for 1 min, and elongation at 72°C for 1 min; and a 10-min elongation at 72°C after the last cycle. The primers used were SaPutP5, 5Ј GATGCTACCTAAAGCTAGACG 3Ј, and SaPutP6, 5Ј TCTTCC GTTAGTGAACTAGATG 3Ј, which generated a 264-bp product, and SaFtsZ1, 5Ј GGTGTAGGTGGTGGCGGTAA 3Ј, and SaFtsZ2, 5Ј TCATTGGCGTAG ATTGTC 3Ј, which produced a 484-bp product. The putP primers were derived from the S. aureus putP sequence (46, 51) , and the ftsZ sequence was obtained from the S. aureus strain N315 genome sequencing project (27) . The cDNAs of in vitro-grown S. aureus as well as the human patient sample cDNAs were standardized by LD RT-PCR with the SaFtsZ1/SaFtsZ2 primer set. Serial twofold dilutions were performed, followed by amplification of each dilution. Each respective cDNA sample was diluted so that amplification with SaFtsZ1/SaFtsZ2 resulted in equivalent levels of ftsZ expression in the S. aureus cells. These same dilutions were also used to amplify putP. RNA that had not been converted to cDNA was also tested from each sample.
Northern blot analysis. Northern blot hybridizations were then performed with S. aureus strain RN4220 grown to mid-logarithmic phase in defined staphylococcal medium with various NaCl concentrations (0, 400 mM, 800 mM, or 1 M) or proline concentrations (1,734 M and 17.4 M). Total RNAs were isolated from the samples as previously described. Ten micrograms of total RNA from each population was loaded on a 1% denaturing agarose gel, processed, and hybridized with a radiolabeled putP PCR product as described previously (Schwan) . Following a 4-day exposure on a phosphorimager screen (Amersham Biosciences, Piscataway, NJ), the results were assessed with ImageQuant 5.2 software for each band.
Statistics. Student's t test was used for statistical analyses of the in vitro growth conditions. P values of Յ0.05 were considered significant. A repeated-measures analysis of variance with a Bonferroni correction was used for assessing significance of strain LL3-1 in the animal studies, whereas a nonparametric Friedman test with a Bonferroni correction was used for strain Newman putP.
RESULTS
Examination of the putP::lacZYA fusion in S. aureus under different osmotic conditions. A putP::lacZYA fusion, named pUB1-1, was constructed in the shuttle plasmid pMOD1. ␤-Galactosidase assays were done and LacZ expression was noted (data not shown), suggesting that the fusion was active. To determine the regulation of the putP gene in S. aureus, the putP::lacZYA fusion was moved into the chromosome of S. aureus strain RN4220 via Tn917 transposition as previously described (9, 46) . Several transposon insertion mutants were recovered, each with a different insertion point in the chromosome as measured by Southern blot analysis (reference 41 and data not shown). One of the transposon insertion clones, labeled LL-1, was used for analyzing putP expression in various growth media. First, strain LL-1 was grown in defined staphylococcal growth media with NaCl concentrations that ranged from 0 to 1,000 mM. ␤-Galactosidase activity levels were measured on mid-logarithmic-phase cells. As the osmolarity increased from 0 mM NaCl (12 Miller units) to 1,000 mM, the ␤-galactosidase activity from the putP::lacZYA fusion tripled (34 Miller units), without reaching a threshold at 1,000 mM NaCl (P Ͻ 0.0049) (Fig. 1) .
Effects of proline concentration on the putP::lacZYA fusion in S. aureus. Another environmental factor that was tested with the putP::lacZYA fusion in S. aureus strain RN4220 was the concentration of proline in the media. Four proline concentrations were tested: 1,740 M (standard concentration for the defined staphylococcal growth medium [37, 42] and RN4220 as determined with a lacZYA transcriptional fusion. The ␤-galactosidase (␤-Gal) activity (expressed in Miller units) was determined after 60 min; means Ϯ standard deviations from at least three separate runs are indicated. Osmolarity effects were tested by using NaCl as the osmolyte. Strain RN4220 served as a negative control.
FIG. 2.
Effects of proline concentration on S. aureus strains LL-1 (putP::lacZYA) and RN4220 as determined with a lacZYA transcriptional fusion. The ␤-galactosidase (␤-Gal) activity (expressed in Miller units) was determined after 60 min; means Ϯ standard deviations from at least three separate runs are indicated. Strain RN4220 served as a negative control.
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on August 29, 2017 by guest http://iai.asm.org/ units (Fig. 2) . A decrease in the proline concentration to 174 M resulted in an increase in putP expression to 16 Miller units, and there was an additional increase to 23 Miller units when the proline concentration dipped to 17.4 M (P Ͻ 0.011). When the proline concentration was lowered further to 1.74 M, there was a slight dip in expression (18 Miller units) compared to that at 17.4 M, but the level was still significantly higher than expression at 1,740 M proline (P Ͻ 0.035). Strain RN4220 served as a negative control and exhibited no ␤-galactosidase activity. These results indicate that the proline concentration in defined growth media affects expression of the putP gene in S. aureus. Examination of putP expression using a putP::lux fusion within S. aureus cells grown under different osmotic conditions. As described above, the putP::lacZYA fusion demonstrated that osmolarity and proline concentration affected the expression of putP in S. aureus. To ascertain putP regulation in S. aureus cells growing in murine tissues, a putP::lux fusion was created using the Xenogen Corporation's pXen5 plasmid as a backbone (16) . The promoterless lux operon has been adapted for use in staphylococci (15) and does not require an external substrate. Once the pLL5-25 plasmid was generated, the putP::lux fusion was placed into the chromosome by random insertion of the Tn4001 transposon into strain RN4220. Several transposon mutants resulted, each verified by Southern blot hybridization to have an insertion into a different part of the genome (data not shown). Three of the resulting clones were transduced into strain RN6390, a SigB inactive strain, by using 80␣ phage. One clone, LL3-1, was used for further analysis. The Newman strain, a SigB active strain, was also transduced with the same phage preparation, resulting in strain Newman putP. A transposon mutagenesis was also done with the pXen5 plasmid without a promoter inserted to serve as a control. One of the resulting transposon mutants was transduced into S. aureus strain RN6390, creating strain RN6390 Tn 1.
To determine if the putP::lux fusion in strains LL3-1 and Newman putP displayed the same type of regulation as S. aureus strain LL-1, both strains were grown in BHI broth with additions of NaCl ranging from 0 to 3,000 mM. After the cells had grown to mid-logarithmic phase, 1-ml aliquots were analyzed in a luminometer for RLU. As the osmolarity of the medium increased, the number of RLUs also rose threefold in strain LL3-1, from 2,106 at 0 mM NaCl to 6,786 with 1 M NaCl BHI medium (P Ͻ 0.00005) (Fig. 3A) . However, strain Newman putP exhibited RLU counts of 57,625 at 0 mM NaCl but a significant decline to 5,615 when the osmolarity was increased to 1 M (P Ͻ 0.002) (Fig. 3B) . Other nonionic osmolytes were also tested. Increasing concentrations of sucrose led to a 2.5-to 4.5-fold-greater activation of putP in both strain LL3-1 (2,256 in 0 mM to 9,878 in 1 M [P Ͻ 0.0001]) and strain Newman putP (58,930 in 0 mM to 140,770 in 1 M [P Ͻ 0.012]). Similarly, the addition of higher concentrations of sorbitol also caused a significant 3.5-to 4.5-fold-greater putP expression in both strain LL3-1 (2,033 in 0 mM to 9,258 in 1 M [P Ͻ 0.00001]) and Newman putP (42,072 in 0 mM to 154,000 in 1 M [P Ͻ 0.035]). These results verified that the putP::lux fusion was functional in several S. aureus strains and suggested a role for SigB in putP expression. Strains RN6390 and Newman have significant differences in their respective genomes that could have affected putP in a manner unrelated to SigB. To verify that SigB was the reason for the difference, one background strain, strain 8325-4, was used. The 8325-4 strain has a mutation in the rsbU gene, which renders it SigB inactive (19) . Strain SH1000 had the rsbU mutation reconstituted in strain 8325-4, making it SigB active. Moreover, a directed sigB mutation was created in strain 8325-4, creating strain SH1003 (SigB inactive). Strains SH1003 (SigB inactive), 8325-4 (SigB inactive), and SH1000 (SigB active) were transduced with the same phage preparation noted above, resulting in strains WRS4-2, WRS5-2, and WRS6-4, respectively. All three strains were grown in BHI broth supplemented with 0 mM, 400 mM, or 1 M NaCl. As the osmolarity increased, the expression of putP increased in both SigB inactive strains (WRS4-2 and WRS5-2) but went down in the SigB active strain (WRS6-4) (Fig. 4) . The findings confirm that SigB modulates putP expression following the stress of a highNa-concentration environment.
To substantiate the fusion results from strain RN4220, Northern blot hybridizations were performed on RNAs extracted from wild-type-strain RN4220 cells grown in regular defined staphylococcal medium (0 mM NaCl, 1,740 M proline) as well as medium with 400 mM NaCl, 800 mM NaCl, and 1 M NaCl. In addition, normal-formulation defined staphylococcal medium (1,740 M proline) and medium with only 17.4 M proline were used to grow the bacteria. The results showed a 1.8-fold increase in the RNA from the bacteria grown in 400 mM medium compared to that grown in 0 mM medium (Fig. 5) . As the NaCl concentrations increased to 800 mM and 1 M, the levels of putP transcripts increased 2.2-and 2.7-fold, respectively. Moreover, a lowering of proline to 17.4 M also led to an increase in putP transcription (1.4-fold). These results support the transcriptional-fusion findings for strain RN4220.
Growth curves were done next to plot putP activation over time and optical density. The Newman putP strain was grown in BHI broth with no added NaCl or in BHI broth with 800 mM NaCl added. In regular BHI broth, optimal transcriptional activation of putP occurred after 2 h (Fig. 6A) . However, the Newman putP strain grown in BHI broth containing 800 mM NaCl displayed a shift in optimal activation 1 hour later and the growth was slower (Fig. 6B ) than the growth in plain BHI broth. This suggests that under high osmotic conditions, it takes slightly longer to maximally activate putP than with growth in a low-osmolarity environment.
Testing the putP::lux fusion in S. aureus injected into mice. The growth medium experiment with various proline or osmolyte concentrations indicated that a low-proline and highosmolarity environment transcriptionally activated putP expression. To try to tie these observations to what may be going on during human infections, several animal models of infection were used to elucidate the regulation of putP in S. aureus cells present in different murine tissues. These model systems included a systemic model of infection (45, 46) to assay putP expression in S. aureus present in spleens and livers, a urinary tract infection model for determining putP levels in bladders and kidneys (42) , and an abscess model to ascertain putP transcription in abscesses within murine thighs (4). Time courses of 0, 4, 8, and 18 h were used for all infection models.
Using the murine urinary tract infection model, putP expression in S. aureus cells infecting bladders and kidneys was examined. In murine bladders, RLUs increased in strain LL3-1 from 0.00053 at 0 h to 0.2254 after 4 h, representing a 426-fold increase (Fig. 7A) . Similarly, the Newman putP strain exhibited a slight increase in putP expression as measured by RLUs, showing a slight increase from 0.004 to 0.021, a fivefold rise. FIG. 5 . Northern blot analysis of putP expression following growth of S. aureus strain RN4420 in defined staphylococcal medium with various concentrations of NaCl and proline. Ten micrograms of total RNA from each bacterial population was probed with a putP DNA fragment. After 4 days, the blot was developed with a phosphorimager and the amounts of putP transcripts were compared between lanes by using ImageQuant 5.2 software. The samples were loaded as follows: lane 1, defined medium (1,740 M proline); lane 2, defined medium with 400 mM NaCl; lane 3, defined medium with 800 mM NaCl; lane 4, defined medium with 1 M NaCl; lane 5, defined medium (1,740 M proline); and lane 6, defined medium with 17.4 M proline.
FIG. 6. Growth stage and osmolarity effects on S. aureus strain
Newman putP as determined with a putP::luxABCDE transcriptional fusion. The conditions tested were (A) BHI broth plus 0 mM NaCl and (B) BHI broth plus 800 mM NaCl. Both RLUs and optical density (OD) at 600 nm readings were measured. Means Ϯ standard deviations from at least three separate runs are indicated. representing a slight decline in viable counts over the time course tested. Newman putP also exhibited similar viable count changes (data not shown). For all of the time points that were compared to the 0-h time point, there was a significant increase in RLUs in strain LL3-1 (P Ͻ 0.0005) but not in strain Newman putP (P Ͻ 0.086).
In murine kidneys, putP expression in strain LL3-1 changed 105-fold from the 0-h to the 4-h time point (Fig. 7B ), but expression fell at 8 h (only 53-fold) and again at 18 h (1.3-fold), resulting in a significant difference at 4 and 8 h compared to 0 h (P Ͻ 0.002). For the Newman putP strain, RLUs rose at 4 h (0.0129), 8 h (0.032), and again at 18 h (0.130), but the differences were not significant (P Ͻ 0.334). Viable bacterial counts in the kidneys dropped from 4.95 ϫ 10 3 at 0 h to 1.09 ϫ 10 3 at 8 h but then increased to 8.57 ϫ 10 3 by 18 h. The RN6390 Tn 1 strain had only background levels of luminescence. A second putP::lux fusion transductant of strain RN6390 also displayed kinetics similar to that of strain LL3-1 (data not shown). A murine systemic model of infection testing putP expression in S. aureus growing in murine livers and spleens showed substantial RLU increases in both organs. Murine livers infected with strain LL3-1 had a 39-fold elevation in expression after 4 h and an additional rise to 45-fold after 8 h (Fig. 7C) . Once strain LL3-1 remained in the murine livers for 18 h, putP expression fell to 18-fold. No significant differences were noted compared to the 0-h time point (P Ͻ 0.086). The bacterial numbers changed from 1.37 ϫ 10 4 at 4 h to 3.25 ϫ 10 3 at 8 h and then to 7.40 ϫ 10 2 after 18 h. Expression in murine spleens changed 45-fold at 4 h postinoculation, with an additional increase to 81-fold after 8 h (Fig. 7D) . By 18 h, putP expression had fallen to only a threefold difference compared to the 0-h time point; thus, no significant difference was demonstrated (P Ͻ 0.200). Bacterial counts in the spleens were 1.47 ϫ 10 4 at 4 h, falling to 2. (Fig. 7E) . After 8 h and 18 h, there was no significant difference observed in the RLU values.
Analysis of S. aureus putP expression in human patient samples. From the animal models of infection, considerable transient increases in putP expression were observed, much greater than the results following growth in various growth media. To further examine whether putP expression in S. aureus infecting human tissues was affected, abscess material was collected from six patients, urine from a seventh patient, and a blood sample from an eighth patient to test for putP expression within S. aureus found in these clinical samples. Total RNAs were extracted from each clinical sample, converted to cDNAs, and then standardized between samples by using the expression of the housekeeping gene ftsZ. This standardization procedure was based on the presence of similar ftsZ levels from BHI-grown and minimal-medium-grown cDNA populations as well as from observations noted from past E. coli work (44) . Once the cDNA samples were standardized, putP transcript levels were assayed using LD RT-PCR on twofold-diluted cDNA samples from each tissue sample as well as BHI broth and defined staphylococcal growth medium cDNA populations. The putP expression in each sample was compared to that of the BHI broth-grown S. aureus cDNA. Using this benchmark, an eightfold increase in putP transcription was observed in cDNA from S. aureus grown in defined staphylococcal growth medium with moderate osmolarity and low proline (Fig. 8) . In the human clinical sample analysis shown in Fig. 8 , expression of putP ranged from no increase for the blood sample to a twofold increase for the old-abscess sample to an eightfold increase in a young-abscess sample and up to a 64-fold increase in the human urine sample, compared to the amplification from the BHI broth-grown S. aureus cDNA population. Four other human abscess samples infected with S. aureus had PCR amplification of putP cDNAs that ranged from no activation up to a fourfold increase compared to BHI brothgrown cDNA (data not shown). RNAs that had not been converted to cDNA did not PCR amplify in this procedure, serving as a negative control for DNA contamination (data not shown). These results suggest that putP expression in S. aureus may be more important in certain parts of the body and at certain times during infection within humans.
DISCUSSION
Many S. aureus strains have a requirement for external proline. Human urine (21, 22) and animal tissues (13, 45) have been shown to have low proline concentrations. Our previous analyses of PutP, a high-affinity proline transporter, have indicated that this proline transporter is critical for survival of some S. aureus strains in low-proline growth media and when injected into animals (3, 45, 46) ; thus, the ability to transport proline may aid S. aureus during an infection within mice or humans.
Proline is used by both gram-negative and gram-positive bacteria to provide osmoprotection, as building blocks for pro- FIG. 8 . Quantitative determination of mRNA regulation by LD RT-PCR analysis of cDNAs of S. aureus found in human abscesses (fresh and old), blood, and urine compared to those of S. aureus strain RN6390 grown in BHI broth or minimal medium with 17.4 M proline and an addition of 400 mM NaCl. The PutP5/PutP6 and SaFtsZ1/SaFtsZ2 primer pairs were used to amplify serially twofold-diluted cDNAs targeting putP and ftsZ transcripts, respectively. All PCR products were electrophoresed on 1.5% agarose gels. The following dilutions of cDNAs were used: undiluted (lanes 1), 1/2 (lanes 2), 1/4 (lanes 3), 1/8 (lanes 4), 1/16 (lanes 5), 1/32 (lanes 6), 1/64 (lanes 7), 1/128 (lanes 8), 1/256 (lanes 9) , and 1/512 (lanes 10). Results represent at least two runs per sample per primer pair.
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on August 29, 2017 by guest http://iai.asm.org/ tein synthesis, and as a source of carbon and nitrogen (52) . Low-affinity and high-affinity proline transporters within the bacteria serve to bring proline into the bacterial cell. In gramnegative bacteria, like E. coli and Salmonella enterica serovar Typhimurium, several proline transporters serve in this capacity, including the low-affinity ProP and ProU proteins as well as the high-affinity PutP protein (10, 52) . However, the grampositive species Bacillus subtilis has OpuD (23) and OpuE serving in proline transport roles similar to those noted for the gram-negative species above (48, 50) . Although PutP homologs may be structurally similar across different bacterial species, regulation of the corresponding putP genes can differ.
The putP gene in E. coli (18) and that in Salmonella enterica serovar Typhimurium (12) are not osmotically regulated, but the opuE (the putP homolog) gene in B. subtilis is up-regulated after an osmotic shock, and SigB, an alternative sigma factor that is important during stationary phase and general stress conditions, affects transcription from one of two opuE promoters (48, 50) . The putP gene is important for S. aureus pathogenesis (3, 45, 46) , but no one has previously examined the regulation of any of the proline transport genes found in S. aureus, including putP.
In this study, we have constructed two putP reporter systems to monitor regulation of the putP gene in growth media as well as after injection of S. aureus cells into mice. Construction of the putP::lacZYA fusion and testing it in one S. aureus strain (RN4220) demonstrated that the S. aureus putP gene is activated by environmental cues like osmotic stress and low proline concentrations. Northern blot hybridizations supported the fusion results for strain RN4220. The native putP genes in E. coli and S. enterica serovar Typhimurium are not osmoregulated (12, 18) . Moreover, enteric bacteria are less halotolerant than S. aureus (1, 31) . What was surprising was the extent of activation of the S. aureus putP gene in an S. aureus background following growth in media with increasing levels of ionic and nonionic osmolytes by using the putP::lux fusion. Several clones were initially tested with different insertion points of the fusion in a strain RN6390 background. All of the clones displayed the same type of putP activation regardless of where the fusion was inserted, demonstrating that regulation of putP was not being influenced by genes around the fusion that may themselves be affected by osmolarity or proline level. Moreover, the same activation trend was observed regardless if it was a putP::lacZ or a putP::lux fusion and despite the background of the putP transcriptional fusions (RN4420, RN6390, or Newman). No threshold was reached with strain LL3-1 until 2 M NaCl was used, and no plateau was observed for the other two osmolytes (sucrose or sorbitol). In a Newman strain background, thresholds for sucrose and sorbitol were obtained at 2 M. In B. subtilis (another gram-positive species), proline is maximally transported in 600 mM NaCl medium (50) , but an opuE mutant strain did not show this elevated proline transport. Furthermore, as NaCl concentrations in the media rose, the opuE gene was transcriptionally activated (48) . S. aureus is capable of growing in high concentrations of an osmolyte, and the PutP protein may serve to bring proline into the cell both for osmoprotection and as a nutrient source. Other studies have indicated that S. aureus accumulates proline as part of an essential osmoregulation strategy (1, 26) .
What was interesting about the growth medium experiments was that NaCl concentrations affected S. aureus strains differently depending on whether the strain was SigB inactive (RN6390, 8325-4, and SH1003) or SigB active (Newman and SH1000). First, the Newman putP strain had much higher levels of expression, as measured by the higher RLUs, than strain LL3-1, showing that expression can differ between S. aureus strains. Second, in media with high NaCl concentrations, the SigB active strains Newman putP and SH1000 exhibited down-regulation of putP, whereas the SigB inactive strains RN6390, 8325-4, and SH1003 showed greater putP transcription as the NaCl concentration rose. Previous work has shown that sigB is repressed when S. aureus cells are grown in 1 M NaCl (8), and strain 8325-4, from which strain RN6390 is derived, has a small deletion in the rsbU gene that renders the strain SigB negative (19) . Previous whole-cell analysis of the high-affinity proline transport system in S. aureus showed no proline uptake stimulation in high-NaCl-concentration media (2), which might be influenced by SigB. SigB has been shown to play a role in transcription of opuE in B. subtilis (48) , so one can surmise that SigB seems to be involved in regulating the transcription of putP when the S. aureus cells are in a general stress environment, such as high NaCl levels. Why the effect is only observed with NaCl and not the other osmolytes may be tied to the putative role of PutP as an Na/proline transporter (52) . Proline is brought in and sodium is pumped into the cell. If the level of NaCl rises in the external environment, this may affect the ability to pump Na out of the cell because of the high level of sodium already in the external milieu. It is possible that the bacteria sense this change and thus shut down further in putP expression because sodium can no longer be pumped out in a cost-effective manner for the S. aureus cells. The other osmolytes, sucrose and sorbitol, are not tied to sodium, and the cell may still need PutP to bring proline in to main cell integrity in such a high osmotic environment. Another environmental cue tested for its effect on putP gene regulation was proline concentration. S. aureus bacteria grown in media with various proline concentrations still exhibited some degree of putP expression, suggesting constitutive expression of the gene, even in media with high proline concentrations. However, optimal putP expression occurred in growth medium with 17.4 M of proline, and a proline concentration as low as 1.74 M still significantly activated the putP gene compared to passage in growth media with proline at 1.74 mM. Proline uptake in gramnegative bacteria is influenced by the proline concentration of the growth medium (18, 30, 32, 38, 53) . Thus, it makes sense that putP transcription was activated in a low-proline growth environment if one considers that PutP is a highaffinity proline permease and would be useful in higher concentrations when proline concentrations are low.
Our working model brings together the results observed for osmolyte variation and proline concentration changes. In a growth environment that is high in proline and low in NaCl, there is constitutive expression of PutP (Fig. 9A) . As the NaCl concentration rises, an NaCl-induced protein is activated, which in turn activates putP expression (Fig. 9B) . However, if there is induction of SigB in the stress environment, the SigB protein binds and represses putP expression (Fig. 9C) . In the absence of SigB repression in an environment with low-proline and high osmotic conditions, the putP gene is maximally tran-scribed through activation by both an NaCl-induced protein and a proline-induced protein, leading to more PutP protein present in the bacterial cell (Fig. 9D) .
Although the growth medium analyses uncovered some new insights into the regulation of the S. aureus putP gene, the most striking observations came from the animal studies and analyses of human samples from patients with S. aureus infections. No one has previously looked at proline transporter gene transcript levels during the course of an infection. In all three animal models of infections and the five tissues that were tested, there was at least some activation of the putP gene. However, the extent of this activation and the kinetics of the activation differed from one tissue to the next. Urinary tract tissues (bladders and kidneys) infected with S. aureus displayed the highest levels of activation. Over the entire time frame studied, putP expression was activated at least 87-fold or more in bacteria present in murine bladders. Previous work has shown that mutations in all of the proline transport genes in E. coli, including putP, significantly affected the survival of E. coli in murine urinary tracts, presumably because the gene products offered protection from osmotic stresses in an environment with a high osmolality (10) . Human urine has low proline concentrations within the range that would mean optimal expression from the putP gene (21, 22) . Furthermore, murine urine osmolalities can be as high 3 mol/kg of body weight (28) . Taken together, murine urine would be assumed to have a combination of high osmolarity and a low proline concentration, conditions we have shown to cause maximal transcription of the putP gene. Even so, the magnitude of the activation of putP in murine bladders exceeded the transcriptional activation in growth media with low proline or high osmolarity by more than 10-fold, suggesting either that there are other signals in the murine urinary tract that may influence putP expression or that a combination of high osmolyte concentration and low proline levels has a synergistic effect in terms of transcription of putP. Previously, we have observed how two environmental cues when combined have a major impact in terms of fim gene expression in uropathogenic E. coli (44) .
Activation of putP in S. aureus infecting murine livers and spleens would be expected because these organs were recently shown to have rather low proline concentrations (45) . There was more activation of putP in the spleen than in the liver, and that may be tied to the total amount of proline in the spleen (7.5 mol) versus in the liver (88.4 mol). Moreover, there was greater expression after 8 h than after 4 h, which was different than the kinetics found in organs of the urinary tract. Some of the decline in putP expression within the liver and spleen can be attributed to lower bacterial counts in each organ that fall below the threshold limit for the lux system (15) . Within murine abscesses, putP expression rose significantly early on after initiation of the infection and then fell back to the initial expression levels after 18 h. This decline was not due to lower bacterial counts because the bacterial number increased over time (Fig. 6E) . Thus, in all murine tissues, there was a rapid increase in putP expression and then changes occurred within each respective tissue that likely depended on the proline concentration, the osmolarity of that microenvironment, and whether or not SigB was active.
The putP expression levels in murine tissues were far greater than those in the growth medium characterization experiments that were done. S. aureus is a potent pathogen of humans (29) , and the samples collected from humans infected with S. aureus generated some additional observations that might have a bearing on human infections with S. aureus. Each human clinical sample that was analyzed gave rise to a putP PCR product, demonstrating that putP expression occurs during a human infection. However, tissue location may play a part in the magnitude of putP expression. In human urine, putP expression was much greater than in any other specimen, mirroring the murine results. Human urine has a low proline concentration (6.08 to 17.10 M [21, 22] ) and it can have a relatively high osmolality (38) , two environmental signals that activated putP expression in growth media. In the one human blood sample, there was just background expression of putP within the S. aureus cells, possibly because the osmolality is not as high and the proline level is increased compared to levels in human urine (21, 22, 39) . With human abscesses, the abscess age may play a role in putP expression. S. aureus cells in the young abscess had greater putP expression than those in older abscesses. Whether there is a time-dependent variable associated with putP expression is still unclear. Certainly, the sample size was limited, so the age of the abscess may not be the only factor involved. If age is truly a mitigating factor, one would expect putP expression to be needed because of low proline levels in the tissue. Over time, the virulence factors ex- FIG. 9 . Models of regulation for S. aureus putP expression. Environments with (A) a low-NaCl and high-proline concentration in a SigB inactive background, (B) a high-NaCl and high-proline concentration in a SigB inactive background, with activation by an NaCl-induced protein (NI), (C) a high-NaCl and high-proline concentration in a SigB active background, and (D) a high-NaCl and low-proline concentration in a SigB inactive background. PI, proline induced. 
